
Materials Chemistry and Physics 258 (2021) 123978

Available online 24 October 2020
0254-0584/© 2020 Elsevier B.V. All rights reserved.
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Various surface pretreatments for sand
blasted Ti-6Al-4V substrates has been 
investigated. 

• Three types of pretreatments: by 20% 
NaOH, 20% oxalic acid and their 
mixture was applied. 

• Hydroxyapatite (HA) coatings were ob
tained by thermal deposition technique. 

• Obtained coatings showed osteoblastic 
cell adhesion in 1 day of the experiment. 

• HA coatings makes substrates more 
osteoconductive due to increasing of 
collagen synthesis.  
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A B S T R A C T   

A method of thermal deposition that involves localized high peak temperatures at the electrode-electrolyte 
interface was proposed for hydroxyapatite (HA) coatings deposition. Active surface layers were obtained by 
HA incorporation from the aqueous electrolyte into the substrate surface due to the decrease of HA solubility 
with increasing of substrate temperature. Commercially Ti-6Al-4V alloy (grade 4) substrates were pretreated by 
sandblasting combined with various chemical pre-treatments: 20% NaOH, 20% oxalic acid, and both. After both 
types of pre-treatment and HA thermal deposition, we can observe uniform coatings with a rough surface. HA 
presence was confirmed by X-ray Diffraction (XRD) and Fourier-transform infrared spectroscopy (FTIR) analysis. 
According to received data, samples after 6.5 bar, one cycle of sandblasting and etching in 20% oxalic acid 2 h, 
20% H3PO4 1 min as well as untreated samples showed the highest wettability. All measured contact angles are 
lower than 90◦, which means that obtained HA surfaces are hydrophilic and indicates that the wetting of the 
surface is favorable, and the fluid will spread over a large area of the surface. 

Resazurin reduction assay showed satisfactory U2OS osteoblastic cell adhesion in 1 day of the experiment. 
There is no significant difference between non-treated polished surfaces and HA-covered with sandblasting pre- 
treatment. In contrast – the polished surface with HA coating demonstrates significantly less cell adhesion. 
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It was confirmed low collagen production both in untreated and polished-HA surfaces in comparison with the 
sandblasted-HA ones. The obtained data suggest that roughness plays an important role in cell adhesion and 
proliferation, but HA coating provides additional stimuli for cell activity (collagen synthesis).   

1. Introduction 

Ti-6Al-4V alloy is a widely used implant material due to its 
biocompatibility and excellent mechanical properties [1]. However, the 
release of metal ions in the physiological environment and lack of 
osteoconductivity is still a big problem [2]. Therefore, the implant 
surface should be treated for increased corrosion resistance and bioac
tivity by calcium phosphate coatings formation [3]. Hydroxyapatite 
Ca10(PO4)6(OH)2 is the main mineral component of bone tissue [4], and 
clinical studies proved that HA-coated hip implants show exceptionally 
high survival rates exceeding 95% at ten years observation time [5,6]. 
HA-coated dental implants showed survival rates between 79 and 96% 
at eight years of observation time [7]. Various kinds of techniques 
should be applied to obtain hydroxyapatite coatings [8–15]. Among 
them are sol-gel [8], magnetron sputtering [9], pulsed laser deposition 
[10], electrophoretic deposition [11], electrochemical deposition [12], 
plasma spray [13,14]. Some of these methods provide coatings with 
weak adhesion to the metallic substrates, cracks, the necessity of great 
sintering temperatures, long processing time, degradation during 
long-term implantation, and high cost [15]. Plasma Electrolytic Oxida
tion (PEO) is a promising technique for obtaining active surface layers 
[16–18] on metal substrates and alloys with complex geometries. Using 
PEO, the corrosion-resistant, porous, and bioactive substrates with hy
drophilic surfaces were obtained. It is an advanced electrochemical 
technique based on anodizing at high voltages in aqueous electrolyte 
solutions. It consists of numerous simultaneous plasma discharges, 
leading to localized high temperature and high pressure at the metal 
surface [3,16–20]. In our work, we propose a method of thermal 
deposition that also belongs to low-temperature deposition techniques, 
that is carried out at temperatures much below the incongruent melting 
point of hydroxyapatite at 1570 ◦C, and involves localized high peak 
temperatures at the electrode-electrolyte interface. The decreasing of 
hydroxyapatite solubility with increasing temperature is the main 
principle of this method. Hydroxyapatite coatings were obtained after 
the passing of current from solutions containing Ca2+ and PO4

3− ions by 
increasing the substrate temperature [21]. An active surface layer can be 
obtained by HA incorporation from the electrolyte into the substrate 
surface. For this purpose, we used as prepared suspension of hydroxy
apatite nanoparticles. The ways of substrate pre-treatment influenced 
coating surface formation [22], so in our work, we propose a comparison 
of various surface pre-treatment and estimation of their impact on 
coatings formation. 

In this work, we propose HA coatings deposition onto commercially 
Ti-6Al-4V alloy samples (Grade 4), that were pretreated by different 
ways in an aqueous electrolyte containing a suspension of nano 
dispersed hydroxyapatite. Post-treatment of obtained coatings by Laser- 
Induced Periodic Surface Structures (LIPSS) will be reported in our 
future works. 

2. Materials and methods 

2.1. Hydroxyapatite synthesis 

Synthesis of stoichiometric hydroxyapatite was provided by the 
following reaction:  

10Ca(NO3)2⋅4H2O + 6(NH4)2HPO4 + 8 NH3∙H2O → Ca10(PO4)6(OH)2 +

20NH4NO3 + 46H2O                                                                             

Two different solutions were prepared separately: 

Solution 1. 
0.1 M Ca(NO3)2 solution was prepared by dissolving an appropriate 

amount of Ca(NO3)2⋅4H2O in distilled water. The solution was heated 
under stirring up to 75 ◦C. Then 25% ammonia solution was added 
dropwise to the calcium nitrate solution to get basic pH (pH = 12). 

Solution 2. 
0.06 M (NH4)2HPO4 solution was prepared. Then, the second solu

tion was added dropwise to the first solution for obtaining hydroxyap
atite under stirring and heating up to 80 ◦C for 2 h. After 2 h, the pH was 
decreased to 9. The top solution was removed by decantation. After that, 
the precipitate was washed three times until pH ≈ 7 was obtained. After 
decantation as-prepared solution with HA slurry was used for thermal 
deposition treatment of samples. 

2.1.1. Hydroxyapatite coatings deposition 
Ti-6Al-4V samples (grade 4) with size 4.2 × 3.48 × 7.98 mm were 

used as the substrates for the thermal treatment. The specimens for 
thermal deposited coatings (TDC) were pretreated with sandblasting to 
obtain a rough surface with pressure 4.5 and 6.5 bar 1 or 2 cycles of 
sandblasting treatment (Table 1). After sandblasting, two types of 
etching were applied: in 20% oxalic acid, in 20% NaOH, or sequentially 
in both. Finally, all samples were treated in 20% H3PO4 for 1 min. For 
the control group, the same samples without sandblasting pre-treatment 
were prepared by washing them thoroughly with distilled water fol
lowed by washing in ethyl alcohol (Table 1, sample 9). 

The thermal deposition process was carried out using an electro
chemical unit with cathode and anode with the cooling system provided 
by Nanoprime (Poland) and equipped with a pulsed bipolar DC power 
supply Solvix Power Supply RS/RS-485 with Solvix control software 
(Solvix GmbH. Switzerland). The temperature of the electrolyte was 
kept below 25 ◦C using a cooling system. The frequency was the same for 
all experiments – 100 kHz. 

A titanium chamber containing the electrolyte used as a cathode, and 
the titanium substrate, immersed in the electrolyte used as an anode. 

Table 1 
Samples preparation and experimental conditions.  

Sample 
number 

Surface pre-treatment Deposition parameters 

U, V 
Given/ 
Real 

I, A 
Given/ 
Real 

Time, 
sec 

1 Sandblasting, 6.5 b, 2p, 20% 
NaOH 3 h, 
20% H3PO4 1 min 

350/ 
180 

6/6.13 60 

2 Sandblasting, 6.5 b, 1p, 20% 
NaOH 3 h, 
20% H3PO4 1 min 

350/ 
173 

6/6.13 30 

3 Sandblasting, 6.5 b, 1p, 20% oxalic 
acid 2 h, 20% H3PO4 1 min 

350/ 
172 

6/6.1 60 

4 Sandblasting, 6.5 b, 2p, 20% oxalic 
acid 4 h, 20% H3PO4 1 min 

350/ 
180 

6/6.12 30 

5 Sandblasting, 4.5 b, 2p, 20% oxalic 
acid 4 h, 20% NaOH 1 h, 20% 
H3PO4 1 min 

350/ 
240 

6/6.28 30 

6 Sandblasting, 6.5 b, 1p, 20% oxalic 
acid 3 h, 20% H3PO4 1 min 

350/ 
280 

6/5.30 30 

7 Sandblasting, 4.5 b, 1p, 20% oxalic 
acid 3 h, 20% H3PO4 1 min 

350/ 
283 

6/5.90 30 

8 Sandblasting, 4.5 b, 1p, 20% oxalic 
acid 4 h, 20% H3PO4 1 min 

350/ 
258 

6/6.06 30 

9 Without pretreatment 350/ 
247 

6/2.02 30  
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The electrolyte bath during the process was water-cooled to maintain 
the bath temperature close to room temperature. The electrolyte solu
tion was kept under continuous stirring during the process by a magnetic 
stirrer to ensure uniform electrolyte concentration and dissipation of the 
heat generated. After the treatment, the samples were cleaned with 
distilled water and air-dried at room temperature. 

2.2. Materials characterization 

2.2.1. Characterization techniques 
The morphology analysis of obtained composites was provided by 

scanning electron microscopy (SEO-SEM Inspect S50-B) with energy 
dispersive spectrometer AZtecOne with detector X-MaxN20 (Oxford 
Instruments plc.). The X-ray diffraction (XRD) analysis was carried out 
by the X-ray diffractometer DRON-3M (Bourevestnik, www.bourev 
estnik.ru) connected to a computer-aided system for experiment con
trol and data processing. The CuKα radiation was used (wavelength 
0,154 nm) with the Bragg-Brentano focusing method. The current and 
the voltage of the X-ray tube were 20 mA and 40 kV, respectively. The 
scan performed in a continuous registration mode with a 0.02◦ step and 
1◦/min scan speed in 2 θ range of 10◦ – 60◦. All experimental data were 
processed using the DifWin-1 program package (Etalon-TC, www. 
specord.ru). Phase identification performed using the JCPDS (Joint 
Committee on Powder Diffraction Standards) card catalog. 

Molecule structural components were identified by Fourier Trans
form Infrared Spectroscopy method using ThermoNicolet Nexus 470 
apparatus purchased from Thermo Fisher Scientific (Waltham, MA, 
USA) equipped with ATR adapter. Measurements and analysis of spectra 
were carried out with the use of software attached to the device. The 
spectra were recorded in the spectral range of 550–4000 cm− 1 with a 
nominal resolution of 4 cm− 1 and 32 scans for each measurement. All 
samples were dried before the analysis. 

2.2.2. Wettability and contact angle measurement 
The static contact angle provides valuable information about the 

properties of the surface. The contact angle is frequently used to char
acterize the wettability of the surface. The static contact angle gives 
valuable information about the hydrophobicity properties of the surface. 
Contact angle (CA) measurements experiments were made using a 
video-based optical contact angle measuring instrument (OCA 15 EC, 
Series GM-10-473 V-5.0, Data Physics, Filderstadt, Germany). Ultra- 
pure water droplets of about 0.5 μL were dropped onto the solid sur
face of the samples through a syringe at room temperature. CA was 
calculated with the aid of an illumination system and software [23]. At 
least five different positions of each surface were measured, and the 
average value was noted. The optical analysis of drops that hang from a 
dosing needle or are placed on a solid surface facilitates the determi
nation of different surface and interfacial parameters. The contact angle 
that a liquid drop establishes on a solid surface characterizes the solid’s 
wetting behaviour with a given liquid. 

So, the wettability of the Ti rods was quantified by the sessile drop 
technique. The angles between the tangent of the drop at the solid/ 
liquid/gas tree phase boundary and the horizontal baseline of the solid 
surface were obtained. CA (θ) characterizes the hydrophilicity of the 
surface when the water has been used as a wetting agent [24]. Water 
contact angles lower than 90◦ designate surface as hydrophilic and in
dicates that wetting of the surface is favorable, and the fluid will spread 
over a large area of the surface, while surfaces with water contact angle 
above 90◦ are considered hydrophobic and generally means that wetting 
of the surface is unfavorable [25]. The CA data was recorded for 
ultra-pure water, for at least three parallel samples. 

2.2.3. Roughness measurement 
Surface roughness is a quantitative value of the geometric contour of 

a surface. It was determined by the tactile stylus method in which a 2- 
dimensional profile is measured mechanically by scanning a cantilever 

tip over a surface [26]. Roughness characteristics were obtained over 10 
mm, using a surface roughness tester (Surftest SJ-301, Mitutoyo, Ka
wasaki, Kanagawa, Japan). According to the EN ISO 4287:1999 [27] and 
DIN 4768 [28] standards, the following roughness parameters were 
examined: arithmetic means of the sum of roughness profile values (Ra), 
mean peak-to-valley height (Rz). 

2.2.4. Cell culture experiments 
The cells (U2OS cell type) were grown in 75 cm2 cell culture flasks 

under standard culture conditions of humidified air containing 5% CO2 
at temperature 37 ◦C with medium renewal every 2–3 d [29]. Dulbecco’s 
modified Eagle medium/nutrient mixture F-12 (DMEM/F-12) with 
L-glutamine was used, containing 100 units mL− 1 penicillin, 100 μg 
mL− 1 streptomycin, 2.5 μg mL− 1 amphotericin B, and 10% fetal bovine 
serum. Before cell seeding, all samples were sterilized in an autoclave; 
each sample was placed in a separate well of a 24-well cell culture plate 
and immersed in DMEM overnight. On the next day, the medium was 
removed, and U2OS cells were seeded on each sample and in the wells 
with non-treated samples (as negative control) at a cell density of 10⁴ 
cells per well. Cell adhesion at 24 h and cell proliferation on samples 
were assessed by the Alamar blue colorimetric assay, which is used to 
measure cell viability. Alamar blue (Invitrogen) was added in an amount 
equal to 10% of the medium volume to each well. As a negative control, 
Alamar blue solution was added to the wells containing only a culture 
medium without cells. As a positive control, Alamar blue solution was 
added to the wells that contained only cells without samples (TCP 
control). The plates were incubated for 8 h at 37 ◦C in the dark. The 
medium was then transferred to another 96-well plate, and the absor
bance was measured using a Multiskan FC (Thermo Fisher Scientific, 
Waltham, MA, USA) plate reader at wavelengths of 570 and 595 nm. The 
cells were quantified at different time intervals: 1 and 7 d. All experi
ments were repeated three times. 

2.2.5. Collagen production assay 
Collagen synthesized by U2OS cells and accumulated on samples was 

detected through staining with Sirius Red dye. The staining was per
formed as follows: on the 14th and 21st days of incubation, samples 
were transferred to other 24-well plates and washed three times with 
ice-cold PBS (4 ◦C). Then 1.5 mL of Bouin’s solution was added to each 
well for 1 h at room temperature. After the solution was removed, 
samples were rinsed with cold tap water and dried in the fume hood 
overnight. On the next day, 1.5 mL of Sirius Red dye was added to 
samples for 1 h, then removed, and each well was washed four times 
with 0.01 M HCl. 1 mL of 0.1 M NaOH solution was added to each well in 
order to recover the bound dye. The plate was placed on the shaker for 
30 min. After that, 100 μL of eluted dye from each well was transferred 
to a 96-well plate, and the absorbance was measured using Multiskan FC 
(Thermo Fisher Scientific, Waltham, MA, USA) plate reader at a wave
length of 550 nm. 

2.3. Results and discussion 

Fig. 1 Shows the FT-IR spectra of hydroxyapatite, used for thermal 
coating deposition. 

The absorption peaks located at 1092 and 1033 cm− 1 originated 
from asymmetrical stretching (ν3) of PO4

3− and at 566, and 603 cm− 1 

were attributed to bending modes (ν4) of PO4
3− , respectively. The sym

metric stretching modes (ν1 and ν2) of PO4
3− were also observed at 

around 961 cm− 1, while a weak sharp peak at 3573 cm− 1 corresponded 
to the stretching vibration of the lattice OH− ions [30,31]. 

The typical bands of HA that can be assigned to the PO4
3− asym

metrical stretching located at the vibrational frequency of 1021 cm− 1 

(ν3), 599-561 cm− 1 (ν4), and O− H stretching vibration at 3374 cm− 1, 
were found in an obtained sample of hydroxyapatite. 

Results of XRD analysis (Fig. 2.) show that the obtained sample 
corresponds to hydroxyapatite (JCPDS 9-0432). For pre-treatment, the 
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as-prepared hydroxyapatite was used in the form of suspension. Sin
tering at 900 ◦C was used during the XRD investigation of powder to 
check the presence of β-tricalcium phosphate (β-TCP). The absence of 
the β-TCP phase shows that the obtained hydroxyapatite was stoichio
metric. Lattice parameters of obtained samples are presented in Table 2. 

HA peaks in (0 0 2), (2 1 1) and (2 0 2) plane that present in dif
fractograms of sintered and as prepared samples, other corresponding 
planes for HA as identified by the JCPDS standard including (1 1 2), (3 1 
2), (2 1 3), (3 2 1), (4 1 0), (4 0 2) is close for that were obtained for 
samples sintered at 900 ◦C for 1 h. Other phases except hydroxyapatite 
are not observed, both in as prepared and sintered samples. 

Chemical pre-treatment of Ti (Grade 4) doesn’t influence on the 
phase composition of the hydroxyapatite layer. In acidic pre-treatment, 
two types of etching were applied: in 20% oxalic acid, in 20% NaOH, or 
sequentially in both after sandblasting. Finally, all samples were treated 
in 20% H3PO4 for 1 min. Acidic etching makes the surface rougher and 
removes everything after sandblasting. Additional pre-treatment by 
20% NaOH induced deposition of HA on the pretreated surface, but it 
doesn’t influence phase composition (HA phase), because it was 
completely formed before thermal deposition. 

Morphology of obtained by thermal deposition hydroxyapatite 
coatings are presented in Fig. 3. In all cases, we can observe uniform 
coatings with a rough surface. Surface pre-treatment has a great influ
ence on obtained coatings. The morphology of the surface demonstrates 
an irregular and rough structure with numerous small holes observed 
under high magnification ( × 2000). Furthermore, small micro pits and 
sharp edges are observed. Characteristic dimensions patterns are pre
sented in Table 3. 

These morphological surface characteristics did not change after HA 
coating deposition. 

The HA coatings are an irregular agglomerates shape for all samples, 
besides 6 and 7, which were covered with uniform HA layer. The HA 
crystals were filled out the holes and pits. Sample without treatment has 
nonuniform HA layer. 

Three different variants of pre-treatments were chosen: 20% NaOH 
(samples 1, 2), 20% oxalic acid (samples 3, 4, 6, 7, 8) and combination of 
pre-treatment 20% oxalic acid 4 h, 20% NaOH 1 h (sample 5) (Fig. 4). 

Sample 1 and 2 were pretreated with 20% NaOH solution for 3 h and 
differs only by two cycles of sandblasting (sample 1) and decreased time 
of hydroxyapatite deposition (sample 2). Samples 3 and 4 have the same 
pre-treatment but differ by two cycles of pre-treatment for sample 4, 
power and deposition time (Fig. 3). Samples 3 and 6 differ by time of 
pre-treatment by 20% oxalic acid, power, and deposition time. Samples 
2 and 4 differ by the type of pre-treatment by 20% NaOH (for sample 2) 
and 20% oxalic acid (for sample 4). Sample 5 has both types of pre- 
treatment by 20% NaOH and by 20% oxalic acid. Samples 6 and 7 
have the same conditions but differ by the pressure of sandblasting. 
Samples 7 and 8 have the same conditions but differ by the time of 
soaking in 20% oxalic acid. Sample 9 is HA coating deposited on the 
untreated surface. 

All obtained by thermal deposition hydroxyapatite coatings have 
uniform surfaces. The most uniform surface was obtained for sample 6. 

Results of Roughness and Wettability measurements are given in 
Table 4. 

The results showed a statistically significant difference between the 
roughness value among obtained HA coatings. The surface roughness 
(Table 4) displays line profile information obtained by using the tactile 
stylus method, respectively, for HA coatings. It should be noted that the 
deposited HA layer significantly increases (P < 0.0001) the surface 
roughness in the case of 8 and 9 HA samples to 5.37 and 6.51 μm while 
there is the resembling value in the case of the 2, 4, 5, 6, 7 HA coatings. 
The similarity in surface roughness of the following coatings (Ra) 
2.4–2.7 μm are not statistically different (Table 4). The corresponding 
roughness measurements are given in Fig. 5. It was also noted for the 
Hydroxyapatite coatings deposition resulted in an increase in the 
average Ra values for the 1 and 3 HA coatings from 3.86 to 4.13 μm (P <
0.001). HA-coated samples 3 and 8 were obtained by thermal deposition 
method on the sandblasted surface by pre-treatment with 20% oxalic 
acid. The increase of roughness values after such type of pre-treatment 
could be explained by thoroughly washing and etching of sandblasted 
surface (sample 8 was pretreated for 4 h). The obtained surface was 

Fig. 1. FT-IR-spectrum of HA used for deposition.  

Fig. 2. XRD of as prepared and sintered at 900 ◦C HA powder.  

Table 2 
Lattice parameters (a and c) and Xs of as prepared HA compared with sintered at 
900 ◦C and standard JCPDS card.  

hkl (◦) JCPDS As prepared HA Treated at 900 ◦C HA 

0 0 2 25.88 26.00 26.15 
2 1 0 28.97 29.25 29.20 
2 1 1 31.77 31.90 32.05 
1 1 2 32.20 33.05 32.45 
3 0 0 32.90 – 33.20 
2 0 2 34.05 34.15 34.35 
3 1 0 39.82 39.85 40.10 
2 2 2 46.72 46.75 47.00 
3 1 2 48.10 49.55 48.35 
2 1 3 49.47 – 49.75 
3 2 1 50.49 – 50.75 
4 1 0 51.29 53.25 51.55 
4 0 2 52.10 – 52.35 
0 0 4 53.15 – –  
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rough, and after pre-treatment, HA coatings also have rough surfaces. 
The Ra values of 2 and 4-7 samples have similar surface profile 

values, which are relatively lower than those in samples 1 and 3 (Fig. 5). 
Samples 2 and 4-7 were compared with sample 8, that shown increased 
surface roughness (Fig. 5). However, among all samples, the untreated 
surface showed higher Ra and Rz values. It can be explained by the 
nonhomogeneous distribution of HA on the flat surface, while on 
sandblasted samples, HA nanoparticles are incorporated into pores, so 
the obtained surface gets rough. 

The contact angle measured for the control sample 9 was 22.97◦, as it 
is shown in Table 4. The contact angle values of other coatings were 0◦, 
except sample 3 (56.62◦), for which the surface has complete wetting. 
According to received data, samples 3 and 9 showed the highest 
wettability. All measured contact angles are lower than 90◦, which 
means that obtained HA surfaces are hydrophilic and indicates that the 
wetting of the surface is favorable, and the fluid will spread over a large 
area of the surface. The hydrophilicity of obtained coatings made them 
suitable for biomedical applications in dentistry. 

Fig. 3. Morphology of obtained calcium phosphate coatings samples 1-9 at a) x40 and b) x2000 c) general view. Sample 0 c is a sample without any treatment, and 2 
c is a sample 2 general view. As well as a general view for all HA-coated samples is nearly the same, only one photo was provided. 

Table 3 
HA particle sizes and their distribution on the surface.  

Sample number Surface structure (holes, pits) μm2 HA agglomerates, mm2 N agglomerates/mm2  

Mean SD Min Max Mean SD Min Max  
1 4.82 6.76 0.22 39.61 0.0304 0.0161 0.0051 0.0682 11.11 
2 5.03 6.16 0.38 29.96 0.0141 0.0066 0.0011 0.0361 11.56 
3 24.116 25.73 0.19 78.29 0.0282 0.0189 0.0045 0.1039 8.39 
4 18.26 20.019 0.19 78.29 0.0190 0.0120 0.0047 0.0835 10.00 
5 10.75 12.67 0.49 58.12 0.0218 0.0124 0.0053 0.0620 5.89 
6 19.29 19.23 0.2 79.31 Full covered, uniform layer 
7 13.18 13.67 0.50 55.13 Full covered, uniform layer 
8 15.66 16.25 0.48 82.49 0.0428 0.0488 0.0026 0.2123 5.30 
9 Without treatment Full covered, nonuniform layer  
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2.3.1. Cell culture 
Resazurin reduction assay showed satisfactory U2OS osteoblastic cell 

adhesion in 1 day of the experiment (Fig. 6). There is no significant 
difference between non-treated polished surfaces and HA-covered with 
sandblasting pre-treatment. In contrast – the polished surface with HA 
coating demonstrates significantly less cell adhesion. It is known that 
conventional treatment did not provide sufficient HA adhesion on the 
metallic substrate that can be the main factor for pure cell distribution in 
our experiment. In 7 days, we confirm U2OS cell proliferation on pol
ished Ti substrate and in most HA-coated ones with no significant dif
ference between groups, but sample #5 and #8 demonstrate 
significantly less proliferation, probably due to unfavorable surface 
structure or chemical patterns. It should be noted that we have signifi
cant growth in resazurin redaction on sample 9 (with no pre-treatment) 
but with significantly fewer activities compare to the polished ones. 

To check the hypothesis about the difference between D1 and D7, 
ANOVA was used (Fig. 7). Calculations made by R. Normality was 

Fig. 4. Surface pre-treatment of sandblasted samples by acid, base, or their mixture.  

Table 4 
Characteristics of roughness and wettability of obtained coatings.  

Sample number Roughness, μm Wettability 

Ra1 Rz2 

1 3.86 ± 0.41 22.38 ± 2.21 0◦

2 2.63 ± 0.1 17.48 ± 1.35 0◦

3 4.13 ± 0.1 27.7 ± 2.33 56.62◦

4 2.7 ± 0.1 18.61 ± 0.88 0◦

5 2.54 ± 0.28 15.82 ± 2.42 0◦

6 2.43 ± 0.09 15.58 ± 0.37 0◦

7 2.4 ± 0.1 15.87 ± 0.98 0◦

8 5.37 ± 0.94 37.16 ± 4.73 0◦

9 6.51 ± 0.15 40.66 ± 3.79 22.97◦

Where: 1Ra: the arithmetical mean of the sums of all profile values. 
2Rz: the mean value of the total measured length. 

Fig. 5. Surface roughness (Ra) of HA coatings obtained by a thermal deposi
tion method. 

Fig. 6. Resazurin reduction assay with U2OS cells in 1 and 7 days after seeding. 
Statistical significance was evaluated in comparison to the non-treated (pol
ished) Ti sample (p values after by two-tailed two samples equal variance test). 
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checked using the Shapiro-Wilk test, where results of every group follow 
a normal distribution (p-value (D1) = 0.4047798 and (D2) =

0.4719734). 
Bartlett’s test of homogeneity of variances shows that the p-value is 

8.652⋅10− 5. So, dispersity is non-homogenous. That is why the dispersed 
analysis was proved by the Kruskal-Wallis rank-sum test, according to 
which the p-value is 3.021⋅10− 10, so the valuable difference is existed. 
Results of ANOVA analysis show F = 55.35, p = 2.56⋅10− 11. Checking 
normality of residual distribution was provided by the Shapiro-Wilk test, 
which proved normal distribution (p-value is 0.5658). ANOVA analysis 
shows a valuable difference between D1 and D7 (P = 2.56⋅10− 11). This 
conclusion was proved by the Kruskal-Wallis rank-sum test. (p-value =
3.021⋅10− 10). 

Collagen production assay can significantly assess cell activity during 
the proliferation period, and we can confirm low collagen production 
both in untreated (polished) and polished-HA surfaces in comparison 
with the sandblasted-HA ones (Fig. 8). 

Sample 6 shown significantly less production of collagen within two 

weeks cultivation compare to the other HA-treated surface. However, 
Sirius Red absorbance level is still higher comparing the control (NT and 
#9). It is well known that collagen production is a critical factor for 
successful implant integration [32], and both surface topography and 
chemical patterns should influence osteoblast cell adhesion and activity 
[33]. Increasing average roughness has been shown (both in-vitro and 
in-vivo) that surfaces with higher Ra have higher rates of osteointe
gration [34,35]. Additionally, chemical modification, including calcium 
phosphate (CaP) or HA, is highly osteoconductive and have shown 
osteointegrative potential in vivo [36,37]. Finally, both strategies (e.g., 
surface roughness and bioactive coatings) can be combined to achieve 
synergistic effects. But the best combination strategies and role of each 
factor in osteointegration are still under discussion. Our data suggest 
that roughness plays an important role in cell adhesion and prolifera
tion, but HA coating provides additional stimuli for cell activity 
(collagen synthesis). 

3. Conclusions 

In this work, we propose HA coatings deposition from an aqueous 
electrolyte containing a suspension of nano dispersed hydroxyapatite 
onto commercially Ti-6Al-4V alloy samples (Grade 4) that were pre
treated by sandblasting combined with different ways (20% NaOH, 20% 
oxalic acid and combination of 20% oxalic acid and 20% NaOH). 

All samples after sandblasting had a rough surface, but HA coatings 
on the samples without pre-treatment showed higher Ra and Rz values. 
Roughness plays an essential role in cell adhesion and proliferation, but 
HA coating provides additional stimuli for cell activity expressed in 
collagen synthesis. We can confirm low collagen production both in 
untreated (polished) and polished-HA surfaces in comparison with the 
sandblasted-HA surfaces. Resazurin reduction assay showed satisfactory 
U2OS osteoblastic cell adhesion in 1 day of the experiment. There is no 
significant difference between non-treated polished surfaces and HA- 
covered with sandblasting pre-treatment. In 7 days, we confirm U2OS 
cell proliferation on polished Ti substrate and in most HA-coated ones 
with no significant difference between groups. 

But in most cases, we can conclude that sandblasted surfaces that 
were pretreated with chemical treatments with deposited HA coatings 
make them more osteoconductive due to increasing of collagen syn
thesis. All measured contact angles were lower than 90◦, which means 
the formation of hydrophilic HA surfaces when the fluid will spread over 
a large area of the surface. The hydrophilicity of obtained coatings made 
them suitable for biomedical applications in dentistry. 
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